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#2 Millicharged Particles (soft electron recoil)
arXiv:1806.03310 (see Yu-Dai and Roni’s Talks)

#3 Neutrino Trident Production (lepton pairs)  
 arXiv:1612.05642 , arXiv:1710.08431
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Prospects at the DUNE Near Detector 
(and other speculations)

Outline of the Talk
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Introduction to Dipole Portals

Overview of Existing Constraints 
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Neutrino masses

HNL Dirac masses don’t allow dipole contribution to neutrino masses!
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Dipole Coupling Features 

• Flavor dependent interaction 

• Allows off-shell photons and  
neutrinos to produce HNLs 

• Incident neutrinos can 
“upscatter’” into HNLs  

• HNLs decay into a visible photon 
and a neutrino 
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MiniBooNE Anomaly from HNL
Gninenko, Phys. Rev. Lett. 103, (2009), arXiv:0902.3802  
Gninenko, Phys. Rev. D 83, (2011), arXiv:1009.5536
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MiniBooNE Anomaly from HNL

LSND+MiniBooNE :
mN = 40 − 80 MeV, d= (3 − 6) × 10−6 GeV−1

|Uμh|2 ≃ 10−3 − 10−2, τ ≲ 10−9 s

MiniBooNE :
mN = 500 MeV, d= (1 − 9) × 10−7 GeV−1

|Uμh|2 ≃ (1 − 4) × 10−3, τ ≲ 10−9 s

Anomaly Favored Region
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MiniBooNE Anomaly
Gninenko, Phys. Rev. Lett. 103, (2009), arXiv:0902.3802  
Gninenko, Phys. Rev. D 83, (2011), arXiv:1009.5536
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In a Broader Context

mailto:plestird@mcmaster.ca?subject=


plestird@mcmaster.ca

arXiv:1803.03262 

 6

In a Broader Context

mailto:plestird@mcmaster.ca?subject=


plestird@mcmaster.ca

arXiv:1803.03262 

 6

In a Broader Context
Generic Effective Operator

• Sterile neutrinos are well motivated 
over a wide range of mass ranges 

• Above an MeV scale cosmology can 
tell you relatively little  

• A dimension five operator between 
SM and non-SM fields is relatively 
generic. 

• Useful to have stringent and model 
independent bounds of such an 
operator.  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Existing Constraints
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SBN
(coming soon)

Existing Constraints

MiniBooNELSND

BBN

SN1987A
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Neutrino Detectors (single photons)
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Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

µ+ ! �N⌫`
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Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

Meson Production

⌘ ! �⌫N
⇡0 ! �⌫N

⇡± ! �`±N
K± ! �`±N

µ+ ! �N⌫`
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Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

Upscattering Production
⌫ +A ! N +A

Meson Production

⌘ ! �⌫N
⇡0 ! �⌫N

⇡± ! �`±N
K± ! �`±N

µ+ ! �N⌫`
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Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

Upscattering Production
⌫ +A ! N +A

Meson Production

⌘ ! �⌫N
⇡0 ! �⌫N

⇡± ! �`±N
K± ! �`±N

Prompt µ+ ! �N⌫`
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Features

• Upscattering along line of sight  

• Distribution of `”detector distances” 

• Big increase  in upscattered flux for 
long LOS or small detector 

• Less important for bigger detectors 
(see next slide)
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Features

• Upscattering along line of sight  

• Distribution of `”detector distances” 

• Big increase  in upscattered flux for 
long LOS or small detector 

• Less important for bigger detectors 
(see next slide)Calculation 

• Use collaboration’s neutrino fluxes 

• Sample 20 points along LOS  

• Calculate flux from a given “bin” of dirt  

• Compute probability that HNL decays 
inside detector 

�coh ⇠ Z2d2 log(E⌫/Qmin)
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Features

• Upscattering occurs within the detector 

• All prodcued HNLs should decay inside the 
detector  

• Short distance limit set by detector resolution 

• Can be dominant production mode for large 
detectors made of a high Z material. 
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Upscattering Inside the Detector

Neutrinos

Features

• Upscattering occurs within the detector 

• All prodcued HNLs should decay inside the 
detector  

• Short distance limit set by detector resolution 

• Can be dominant production mode for large 
detectors made of a high Z material. 

Calculation 

• Use collaboration’s neutrino fluxes 

• Calculate number of upscattering 
events. 

• Compute probability that HNL decays 
inside detector (almost always 100%)

�coh ⇠ Z2d2 log(E⌫/Qmin)
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Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1
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a + dBBµ⌫
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H̃�µ⌫ND

mailto:plestird@mcmaster.ca?subject=


plestird@mcmaster.ca

arXiv:1803.03262 Dipole Portal At Colliders

 16
plestird@mcmaster.ca

Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

L̄
�
d̄WWa

µ⌫⌧
a + dBBµ⌫

�
H̃�µ⌫ND

EW�SB������!

mailto:plestird@mcmaster.ca?subject=


plestird@mcmaster.ca

arXiv:1803.03262 Dipole Portal At Colliders

 16
plestird@mcmaster.ca

Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

L̄
�
d̄WWa

µ⌫⌧
a + dBBµ⌫

�
H̃�µ⌫ND

EW�SB������!
dW ¯̀W�

µ⌫�
µ⌫ND

⌫̄ (d�Fµ⌫ � dZZµ⌫)�
µ⌫ND

mailto:plestird@mcmaster.ca?subject=


plestird@mcmaster.ca

arXiv:1803.03262 Dipole Portal At Colliders

 16
plestird@mcmaster.ca

Beam Dump EPOT LTarget # POT Technology Emin

� [GeV] Bkgs

LSND 1.74 GeV 26m* 1.69⇥ 1023 CH2 Chkov/Scint 0.04 30

mBooNE 9 GeV 540m 5.58⇥ 1020 CH2 Cherenkov 0.3 700

µBooNE 9 GeV 110m 1.3⇥ 1021 LAr-TPC 0.2 750

SBND 9 GeV 110m 6.6⇥ 1020 LAr-TPC 0.2 13K

SHiP ⌫⌧ 400 GeV 50m 2⇥ 1020 Pb/Emulsion 0.1 1K

SHiP Far 400 GeV 100m 2⇥ 1020 LAr-TPC 0.1 1K

Colliders
p
s LIP L [fb�1] Technology Emin

� [GeV] Bkgs

LHC � + ` 8 TeV 1.3 m 19.7 CMS 40 60

LHC � 13 TeV 1.5 m 36.1 ATLAS 150 1.7K

LEP 91.2GeV 1 m 0.1 e+e� Collider 0.7 NA

1

L̄
�
d̄WWa

µ⌫⌧
a + dBBµ⌫

�
H̃�µ⌫ND

EW�SB������!
dW ¯̀W�

µ⌫�
µ⌫ND

⌫̄ (d�Fµ⌫ � dZZµ⌫)�
µ⌫ND

5

�i �j

�

N N

1

FIG. 3. Loop level contribution to the ⌫ mass mixing matrix
in the presence of a Majorana mass term for the heavy neutral
lepton N . With only Dirac masses, such diagrams will not be
generated.

mass mixing interaction of the form m⌫N ⌫N . This nat-
urally generates dipole couplings between the SM neutri-
nos, sterile neutrino and the photon via a loop diagram.
The dipole coupling generated is given in [24, 25] as

d =
3m⌫N

32⇡2

eGF
p
2

= 1.2⇥ 10�9 GeV�1

⇣ m⌫N

50 MeV

⌘
.

(7)

The strength of this radiatively generated dipole por-
tal is dictated by the mass mixing with the active neutri-
nos, and therefore constrained by patterns of the neu-
trino mass matrices. In particular, in the case of a
type-I see-saw mechanism with the Majorana mass of
mN = 50 MeV, observed neutrino masses would imply
m⌫N ⇠ keV and consequently d ⇠ 10�13 GeV�1. We do
not impose such a stringent constraint and consider d to
be an independent parameter. In fact, the size of d can
be much larger if the effective mixing angle between ⌫
and N is much larger than the naive see-saw relation im-
plies. This may happen, for example, within an inverse
see-saw model [26, 27], where a mostly Dirac fermion N
is supplemented with a small Majorana mass, so that the
mass mixing parameter m⌫N is much larger than naively
implied.

Above the electroweak scale an SU(2) ⇥ U(1) inter-
pretation of d would require a Higgs insertion, so that
the dipole interaction is really a dimension 6 operator.
Therefore, in the limit of large ⇤ the maximum expected
d is

dmax ⇠
ev

⇤2
⇠

100 GeV

⇤2
(8)

where strong dynamics at the scale ⇤ is presumed, and v
is the Higgs field vacuum expectation value. Otherwise,
if the new sector is perturbative, we would expect a loop
factor, and dmax, pert ⇠ GeV/⇤2. To consider neutrino
dipole couplings which respect the full gauge symmetries
of the Standard Model, we write down the Lagrangian

L � L̄
�
dWW

a
µ⌫⌧

a + dBBµ⌫

�
H̃�µ⌫ND + h.c. (9)

where H̃ = i�2H⇤ and ⌧a = �a/2. After spontaneous

symmetry breaking of the Higgs, one obtains

L �dW
�
¯̀
LW

�
µ⌫�

µ⌫ND

�

+⌫̄L[d�Fµ⌫ � dZZµ⌫ ]�
µ⌫ND + h.c.

(10)

where W�
µ⌫ ⌘ @µW�

⌫ � @⌫W�
µ . The dipole couplings in

the broken phase are related to those in the unbroken
phase via

d� =
v
p
2

✓
dB cos ✓w +

dW
2

sin ✓w

◆

dW =
v
p
2

dW
2

⇥
p
2

dZ =
v
p
2

✓
dW
2

cos ✓w � dB sin ✓w

◆
(11)

where the additional factor of
p
2 in the expression

for dW is a consequence of the normalization of
W� = (W1 + iW2)/

p
2. Note that the three “dipole

moments” in the broken phase d� , dZ and dW are
determined by only two parameters in the unbroken
phase dW and dB ; they are linearly dependent. Notice
that the normalization of the photon field strength term
in Eq. (10) matches that of Eq. (1).

Although we have suppressed the relevant indices, the
dipole coupling can be flavor dependent. Experiments
at SBN will constrain deB and dµB . SHiP in addition will
be sensitive to ⌫⌧ , and thus an ideal setting to study all
“dipole couplings”. For both LHC and LEP, we turn on
only the dµ�,B,W coupling for simplicity. One can also
turn on de�,B,W and d⌧�,B,W that have an O(1) effect on
the result.

Having established that a neutrino dipole portal is ulti-
mately a dimension 6 operator, one might wonder if there
are any non renormalizable SM only operators that are
phenomenologically equivalent to our new physics signal.
If so, one would need to perform a global fit on the whole
basis of Wilson coefficients instead of focusing on just
one operator. The case of SM only operators after elec-
troweak symmetry breaking is considered in Section III B.
Ref. [28] on the other hand provides a classification of
all dimension 5 and 6 SM only operators above the elec-
troweak scale (i.e. invariant under SU(3)⇥SU(2)⇥U(1)).
In order to replicate our signature, we need at least one
photon, one neutrino and an additional gauge boson. If
we assume that no particles except neutrinos escape de-
tection, and furthermore that the interactions are 2 ! N,
then none of the dimension 5 or 6 operators in Ref. [28]
contribute to single photon processes at beam dump ex-
periments, LEP or the LHC.

III. INTENSITY FRONTIER

We consider probing HNLs at beam dump experi-
ments and our analysis focuses on neutrino experiments
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mass mixing interaction of the form m⌫N ⌫N . This nat-
urally generates dipole couplings between the SM neutri-
nos, sterile neutrino and the photon via a loop diagram.
The dipole coupling generated is given in [24, 25] as
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The strength of this radiatively generated dipole por-
tal is dictated by the mass mixing with the active neutri-
nos, and therefore constrained by patterns of the neu-
trino mass matrices. In particular, in the case of a
type-I see-saw mechanism with the Majorana mass of
mN = 50 MeV, observed neutrino masses would imply
m⌫N ⇠ keV and consequently d ⇠ 10�13 GeV�1. We do
not impose such a stringent constraint and consider d to
be an independent parameter. In fact, the size of d can
be much larger if the effective mixing angle between ⌫
and N is much larger than the naive see-saw relation im-
plies. This may happen, for example, within an inverse
see-saw model [26, 27], where a mostly Dirac fermion N
is supplemented with a small Majorana mass, so that the
mass mixing parameter m⌫N is much larger than naively
implied.
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pretation of d would require a Higgs insertion, so that
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d is
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where strong dynamics at the scale ⇤ is presumed, and v
is the Higgs field vacuum expectation value. Otherwise,
if the new sector is perturbative, we would expect a loop
factor, and dmax, pert ⇠ GeV/⇤2. To consider neutrino
dipole couplings which respect the full gauge symmetries
of the Standard Model, we write down the Lagrangian
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where the additional factor of
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2 in the expression

for dW is a consequence of the normalization of
W� = (W1 + iW2)/

p
2. Note that the three “dipole

moments” in the broken phase d� , dZ and dW are
determined by only two parameters in the unbroken
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constraints at LEP and the LHC for the minimal HNL models
and the HNL extensions respecting the SU(2)⇥U(1) symme-
try of the Standard Model.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.

1. LEP

At LEP, production will proceed via e+e� ! (N !

�⌫)⌫̄ + h.c.. The signature to look for is thus a single
photon final state with missing energy. This channel
can proceed via either Z or � mediators depending on
the dipole coupling in the unbroken phase (see Eqs. (10)
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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exclusion curves for LEP and the LHC.
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constraints at LEP and the LHC for the minimal HNL models
and the HNL extensions respecting the SU(2)⇥U(1) symme-
try of the Standard Model.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.

1. LEP

At LEP, production will proceed via e+e� ! (N !

�⌫)⌫̄ + h.c.. The signature to look for is thus a single
photon final state with missing energy. This channel
can proceed via either Z or � mediators depending on
the dipole coupling in the unbroken phase (see Eqs. (10)
and (15)). Therefore the total production cross section
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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try of the Standard Model.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.

1. LEP

At LEP, production will proceed via e+e� ! (N !

�⌫)⌫̄ + h.c.. The signature to look for is thus a single
photon final state with missing energy. This channel
can proceed via either Z or � mediators depending on
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
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ergy corresponding to the Z pole and accumulated about
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ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
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of new physics contributing to the � + Emiss final state,
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requiring the outgoing photon to have a minimal energy
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1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.
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To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
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T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
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Table II illustrates the assumptions made in each of the
exclusion curves for LEP and the LHC.

Exp. Plot Label Assumptions Probed d

LEP d� dW = 0, dZ = 0 dB

d�,Z dW = 0 dB

LHC d�,Z dW = 0 dB

da�,W d� = a⇥ dW dW

TABLE II. Assumptions and conventions used in obtaining
constraints at LEP and the LHC for the minimal HNL models
and the HNL extensions respecting the SU(2)⇥U(1) symme-
try of the Standard Model.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.

1. LEP

At LEP, production will proceed via e+e� ! (N !

�⌫)⌫̄ + h.c.. The signature to look for is thus a single
photon final state with missing energy. This channel
can proceed via either Z or � mediators depending on
the dipole coupling in the unbroken phase (see Eqs. (10)
and (15)). Therefore the total production cross section
at s = m2
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.
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At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.
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To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
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T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].
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and the HNL extensions respecting the SU(2)⇥U(1) symme-
try of the Standard Model.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.
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At LEP, production will proceed via e+e� ! (N !

�⌫)⌫̄ + h.c.. The signature to look for is thus a single
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can proceed via either Z or � mediators depending on
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where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are defined as
CA = �1/2 and CV = �1/2 + 2 sin ✓W . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The first channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i ! (N ! �⌫)⌫̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IV B. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (10), and leads to a final state

consisting of a single photon, charged lepton and miss-
ing energy—for example: uid̄j ! (N ! �⌫)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [41], making use of
FeynRules2.3 [42, 43] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the � +
Emiss final state [44–47]. We choose to focus on the re-
sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb�1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb�1[48]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the � + Emiss final state,
within the angular acceptance range of | cos ✓� |  0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (12). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP’s 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

p
s = 13 TeV by ATLAS [49] involv-

ing final states containing at least one photon with
E�

T > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a deficit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(! ⌫⌫)� process, followed by W (! `⌫)� in which the
final state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID efficiency to be 92%
[50].

At colliders, inclusive sum over final state neutrinos gives sensitivity to all dipole coupling flavours!   
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Gravitational trapping bound determined by solving 
at the location in which most of the produced HNLs escape 

μ ≳ 200 MeV

Large reach in mass is 
set by Fermi degeneracy 
and chemical potential of 
electrons and neutrinos 

T ∼ 37 MeV
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• For T > 1MeV, neutrons/protons 
in chemical equilibrium 

• At T = 1MeV, neutron/proton 
ratio determines He4 and 
Deuterium abundance 

• If HNLs thermally populated in 
very early universe with 
lifetimes  they will inject 
additional EM energy. 

• This can distort n/p balance, 
affecting light element 
abundances

T ⇠ 1 MeV $ t ⇠ 0.1 s
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Assumptions

• 2 x 1021 POT 

• 3 m x 7 m x 5 m detector volume 

• 304 m of SiO2 (sand) along line of sight.  

• 10 m decay length (5 m LAr+5 m HPgTPC). 

• Used 2017  collaboration fluxes  from  

http://home.fnal.gov/~ljf26/2017DUNEFluxes/OptimizedEngineeredNov2017/ 

• Only up-scattering included (this is conservative) 

• 500 MeV cut on photon energy 
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SN Conservative 

• Upper curve only 
demands a 50% 
escape probability 

• Roughly 106 more 
HNLs being 
produced than at 
low curve  

• Likely 
underestimates  
constraint by a 
factor of 5   

• SN floor could be 
higher
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Basic Phenomenology
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Basic Phenomenology
Considerations

1. Production cross section 

2. Lifetime of HNL  

3. Boost of HNL
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Relevant Parameter Space
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h�i ⇠ hE⌫i
mN

<latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit>
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Basic Phenomenology
Considerations

1. Production cross section 

2. Lifetime of HNL  

3. Boost of HNL

 32

Ingredients

1. Mass mixing (gives you NC production as an extra knob) 

2. Flavour dependent couplings (can tune decay length relative to production cross section) 

3. Mass of HNL. This (+production kinematics) determines the boost factor

�N
<latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit>

�prod
<latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit>

Relevant Parameter Space

h�i
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EN ⇠ E⌫ +
t
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�prod
<latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit>

Relevant Parameter Space

h�i
<latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="REjsGIrbQNR225PXxlhpeJjvMqs=">AAAB/nicbVDLSgMxFM3UV62vqrhyEyyCqzLjRpdFNy4r2Ad0hnInzUxDk8yQZIQyFPwVNy4Ucet3uPNvTKez0NYDF07OuZfce8KUM21c99uprK1vbG5Vt2s7u3v7B/XDo65OMkVohyQ8Uf0QNOVM0o5hhtN+qiiIkNNeOLmd+71HqjRL5IOZpjQQEEsWMQLGSsP6ic9BxpxiPwYhwFfFa1hvuE23AF4lXkkaqER7WP/yRwnJBJWGcNB64LmpCXJQhhFOZzU/0zQFMoGYDiyVIKgO8mL9GT63yghHibIlDS7U3xM5CK2nIrSdAsxYL3tz8T9vkJnoOsiZTDNDJVl8FGUcmwTPs8AjpigxfGoJEMXsrpiMQQExNrGaDcFbPnmVdC+bntv07t1G66aMo4pO0Rm6QB66Qi10h9qogwjK0TN6RW/Ok/PivDsfi9aKU84coz9wPn8AMOOVnA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="REjsGIrbQNR225PXxlhpeJjvMqs=">AAAB/nicbVDLSgMxFM3UV62vqrhyEyyCqzLjRpdFNy4r2Ad0hnInzUxDk8yQZIQyFPwVNy4Ucet3uPNvTKez0NYDF07OuZfce8KUM21c99uprK1vbG5Vt2s7u3v7B/XDo65OMkVohyQ8Uf0QNOVM0o5hhtN+qiiIkNNeOLmd+71HqjRL5IOZpjQQEEsWMQLGSsP6ic9BxpxiPwYhwFfFa1hvuE23AF4lXkkaqER7WP/yRwnJBJWGcNB64LmpCXJQhhFOZzU/0zQFMoGYDiyVIKgO8mL9GT63yghHibIlDS7U3xM5CK2nIrSdAsxYL3tz8T9vkJnoOsiZTDNDJVl8FGUcmwTPs8AjpigxfGoJEMXsrpiMQQExNrGaDcFbPnmVdC+bntv07t1G66aMo4pO0Rm6QB66Qi10h9qogwjK0TN6RW/Ok/PivDsfi9aKU84coz9wPn8AMOOVnA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="BVH5kj0nJ6LmoGA6dZ43i7NJxCo=">AAAB83icbZDNSgMxFIXv+Ftr1VFw5SZYBFdlxo0uBTcuK9gf6AzlTpq2oUlmSDJCGQq+ihsXivgu7nwb02kX2nogcHJOQm6+JBPc2CD49jY2t7Z3dit71f3aweGRf1xrmzTXlLVoKlLdTdAwwRVrWW4F62aaoUwE6ySTu3nfeWLa8FQ92mnGYokjxYeconVR3z+NBKqRYCQaoZQY6XLX9+tBIyhF1k24NHVYqtn3v6JBSnPJlKUCjemFQWbjArXlVLBZNcoNy5BOcMR6ziqUzMRFOf6MXLhkQIapdktZUqa/bxQojZnKxJ2UaMdmtZuH/3W93A5v4oKrLLdM0cVDw1wQm5I5CzLgmlErps4g1dzNSugYNVLriFUdhHD1y+umfdUIg0b4EEAFzuAcLiGEa7iFe2hCCygU8AJv8O49e6/exwLXhrfkdgJ/5H3+AMJWlDc=</latexit><latexit sha1_base64="REjsGIrbQNR225PXxlhpeJjvMqs=">AAAB/nicbVDLSgMxFM3UV62vqrhyEyyCqzLjRpdFNy4r2Ad0hnInzUxDk8yQZIQyFPwVNy4Ucet3uPNvTKez0NYDF07OuZfce8KUM21c99uprK1vbG5Vt2s7u3v7B/XDo65OMkVohyQ8Uf0QNOVM0o5hhtN+qiiIkNNeOLmd+71HqjRL5IOZpjQQEEsWMQLGSsP6ic9BxpxiPwYhwFfFa1hvuE23AF4lXkkaqER7WP/yRwnJBJWGcNB64LmpCXJQhhFOZzU/0zQFMoGYDiyVIKgO8mL9GT63yghHibIlDS7U3xM5CK2nIrSdAsxYL3tz8T9vkJnoOsiZTDNDJVl8FGUcmwTPs8AjpigxfGoJEMXsrpiMQQExNrGaDcFbPnmVdC+bntv07t1G66aMo4pO0Rm6QB66Qi10h9qogwjK0TN6RW/Ok/PivDsfi9aKU84coz9wPn8AMOOVnA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit><latexit sha1_base64="nEiC56ZdKe4VK+WkfJA1r3HTkls=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfRY9OKxgq2F7lJm03QbmmSXJCuUpeBf8eJBEa/+Dm/+G9PtHrT1wcDLezNk5kUpZ9p43rdTWVldW9+obta2tnd299z9g45OMkVomyQ8Ud0INOVM0rZhhtNuqiiIiNOHaHwz8x8eqdIskfdmktJQQCzZkBEwVuq7RwEHGXOKgxiEgEAVr75b9xpeAbxM/JLUUYlW3/0KBgnJBJWGcNC653upCXNQhhFOp7Ug0zQFMoaY9iyVIKgO82L9KT61ygAPE2VLGlyovydyEFpPRGQ7BZiRXvRm4n9eLzPDqzBnMs0MlWT+0TDj2CR4lgUeMEWJ4RNLgChmd8VkBAqIsYnVbAj+4snLpHPe8L2Gf3dRb16XcVTRMTpBZ8hHl6iJblELtRFBOXpGr+jNeXJenHfnY95accqZQ/QHzucPMiOVoA==</latexit>
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E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

cos ✓
<latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit>

EN ⇠ E⌫ +
t

2mAr
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h�i ⇠ hE⌫i
mN

<latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit><latexit sha1_base64="2LHF9FlCAPMxNztwTs5dtFMyKQs=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjMi6EYoiuBKKtgHdMpwJ83UYJIZkoxQhn6NG3/FjYuKiDs/xbSdgrYeCJyce+5N7gkTzrRx3S+nsLS8srpWXC9tbG5t75R395o6ThWhDRLzWLVD0JQzSRuGGU7biaIgQk5b4ePVuN56okqzWN6bQUK7AvqSRYyAsVJQvvA5yD6n2O+DEIB9lV81E9iPFJBs5rgOfJnODMNMBLfDoFxxq+4EeJF4OamgHPWgPPJ7MUkFlYZw0LrjuYnpZqAMI3ZoyU81TYA8Qp92LJUgqO5mkzWH+MgqPRzFyh5p8ET93ZGB0HogQusUYB70fG0s/lfrpCY672ZMJqmhkkwfilKOTYzHmeEeU5QYPrAEiGL2r5g8gM3G2GRLNgRvfuVF0jypem7Vuzut1C7zOIroAB2iY+ShM1RDN6iOGoigZ/SKRujdeXHenA/nc2otOHnPPvoD5/sHzs6l/g==</latexit>
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�N
<latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit>

�prod
<latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit>

Relevant Parameter Space

h�i
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h�i = 2
<latexit sha1_base64="Rwk+eDLEaIfx7GZjjL3k4hMD/O0=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBN0IRTcuK9gHdIZyJ81MQ5PMkGSEMhQ3/oobF4q49Svc+Temj4W2Hrhwcs695N4Tppxp47rfTmFldW19o7hZ2tre2d0r7x+0dJIpQpsk4YnqhKApZ5I2DTOcdlJFQYSctsPhzcRvP1ClWSLvzSilgYBYsogRMFbqlY98DjLmFPsxCAG+mr2uarhXrrhVdwq8TLw5qaA5Gr3yl99PSCaoNISD1l3PTU2QgzKMcDou+ZmmKZAhxLRrqQRBdZBPTxjjU6v0cZQoW9Lgqfp7Igeh9UiEtlOAGehFbyL+53UzE10GOZNpZqgks4+ijGOT4EkeuM8UJYaPLAGimN0VkwEoIMamVrIheIsnL5NWreq5Ve/uvFK/nsdRRMfoBJ0hD12gOrpFDdREBD2iZ/SK3pwn58V5dz5mrQVnPnOI/sD5/AHxvpZ3</latexit><latexit sha1_base64="Rwk+eDLEaIfx7GZjjL3k4hMD/O0=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBN0IRTcuK9gHdIZyJ81MQ5PMkGSEMhQ3/oobF4q49Svc+Temj4W2Hrhwcs695N4Tppxp47rfTmFldW19o7hZ2tre2d0r7x+0dJIpQpsk4YnqhKApZ5I2DTOcdlJFQYSctsPhzcRvP1ClWSLvzSilgYBYsogRMFbqlY98DjLmFPsxCAG+mr2uarhXrrhVdwq8TLw5qaA5Gr3yl99PSCaoNISD1l3PTU2QgzKMcDou+ZmmKZAhxLRrqQRBdZBPTxjjU6v0cZQoW9Lgqfp7Igeh9UiEtlOAGehFbyL+53UzE10GOZNpZqgks4+ijGOT4EkeuM8UJYaPLAGimN0VkwEoIMamVrIheIsnL5NWreq5Ve/uvFK/nsdRRMfoBJ0hD12gOrpFDdREBD2iZ/SK3pwn58V5dz5mrQVnPnOI/sD5/AHxvpZ3</latexit><latexit sha1_base64="Rwk+eDLEaIfx7GZjjL3k4hMD/O0=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBN0IRTcuK9gHdIZyJ81MQ5PMkGSEMhQ3/oobF4q49Svc+Temj4W2Hrhwcs695N4Tppxp47rfTmFldW19o7hZ2tre2d0r7x+0dJIpQpsk4YnqhKApZ5I2DTOcdlJFQYSctsPhzcRvP1ClWSLvzSilgYBYsogRMFbqlY98DjLmFPsxCAG+mr2uarhXrrhVdwq8TLw5qaA5Gr3yl99PSCaoNISD1l3PTU2QgzKMcDou+ZmmKZAhxLRrqQRBdZBPTxjjU6v0cZQoW9Lgqfp7Igeh9UiEtlOAGehFbyL+53UzE10GOZNpZqgks4+ijGOT4EkeuM8UJYaPLAGimN0VkwEoIMamVrIheIsnL5NWreq5Ve/uvFK/nsdRRMfoBJ0hD12gOrpFDdREBD2iZ/SK3pwn58V5dz5mrQVnPnOI/sD5/AHxvpZ3</latexit><latexit sha1_base64="Rwk+eDLEaIfx7GZjjL3k4hMD/O0=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBN0IRTcuK9gHdIZyJ81MQ5PMkGSEMhQ3/oobF4q49Svc+Temj4W2Hrhwcs695N4Tppxp47rfTmFldW19o7hZ2tre2d0r7x+0dJIpQpsk4YnqhKApZ5I2DTOcdlJFQYSctsPhzcRvP1ClWSLvzSilgYBYsogRMFbqlY98DjLmFPsxCAG+mr2uarhXrrhVdwq8TLw5qaA5Gr3yl99PSCaoNISD1l3PTU2QgzKMcDou+ZmmKZAhxLRrqQRBdZBPTxjjU6v0cZQoW9Lgqfp7Igeh9UiEtlOAGehFbyL+53UzE10GOZNpZqgks4+ijGOT4EkeuM8UJYaPLAGimN0VkwEoIMamVrIheIsnL5NWreq5Ve/uvFK/nsdRRMfoBJ0hD12gOrpFDdREBD2iZ/SK3pwn58V5dz5mrQVnPnOI/sD5/AHxvpZ3</latexit>

cos ✓
<latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit>

E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

cos ✓
<latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit>

EN ⇠ E⌫ +
t

2mAr
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<latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit><latexit sha1_base64="yvsj3NUCde3FkSappe+CzTakvbY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoQU9SwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hrqt56o0iyWD2ac0EDgQLKIETRWandvUAjs3fXKFa/qzeAuEz8nFchR75W/uv2YpIJKQzhq3fG9xAQZKsMIp5NSN9U0QTLCAe1YKlFQHWSzeyfuiVX6bhQrW9K4M/X3RIZC67EIbadAM9SL3lT8z+ukJroMMiaT1FBJ5ouilLsmdqfPu32mKDF8bAkSxeytLhmiQmJsRCUbgr/48jJpnlV9r+rfn1dqV3kcRTiCYzgFHy6gBrdQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDqumPtg==</latexit>

�prod
<latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit><latexit sha1_base64="iXEIIm+9JDFwxwBekB4QPeNI4dg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ac0IWw2m3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBNcg+N8W5WNza3tnepubW//4PDIPq53dZoryjo0Fanqh0QzwSXrAAfB+pliJAkF64Xju7nfe2JK81Q+wjRjfkKGksecEjBSYNc9zYcJCTxgEygylUazwG44TWcBvE7ckjRQiXZgf3lRSvOESaCCaD1wnQz8gijgVLBZzcs1ywgdkyEbGCpJwrRfLG6f4XOjRDhOlSkJeKH+nihIovU0CU1nQmCkV725+J83yCG+8QsusxyYpMtFcS4wpHgeBI64YhTE1BBCFTe3YjoiilAwcdVMCO7qy+uke9l0nab7cNVo3ZZxVNEpOkMXyEXXqIXuURt1EEUT9Ixe0Zs1s16sd+tj2VqxypkT9AfW5w/hq5T5</latexit>

Relevant Parameter Space

h�i
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<latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit>

E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

Rest Frame Distribution

E�/mN
<latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit><latexit sha1_base64="wyAZpu2q6DOBwOGbojoC6qMrCFg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRBE9SwX5AE8Jmu2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPppxSgOBB5LFjGBjJf829AdYCHwmwvuwWnPr7gxomXgFqUGBZlj98vsJyQSVhnCsdc9zUxPkWBlGOJ1U/EzTFJMRHtCepRILqoN8dvMEnVilj+JE2ZIGzdTfEzkWWo9FZDsFNkO96E3F/7xeZuKrIGcyzQyVZL4ozjgyCZoGgPpMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+7zuuXXv4aLWuC7iKMMRHMMpeHAJDbiDJrSAQArP8ApvTua8OO/Ox7y15BQzh/AHzucPYfyRPg==</latexit>

cos ✓
<latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit><latexit sha1_base64="Lv19PykJBZ3gD/ul+g1Rq2CkWuA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FNKJvtpl262Q27E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdiBgmuGQt5ChYN9WMJJFgnWh8O/M7T0wbruQDTlIWJmQoecwpQSs9BlSZAEcMSb9a8+reHO4q8QtSgwLNfvUrGCiaJUwiFcSYnu+lGOZEI6eCTStBZlhK6JgMWc9SSRJmwnx+8dQ9s8rAjZW2JdGdq78ncpIYM0ki25kQHJllbyb+5/UyjK/DnMs0QybpYlGcCReVO3vfHXDNKIqJJYRqbm916YhoQtGGVLEh+Msvr5L2Rd336v79Za1xU8RRhhM4hXPw4QoacAdNaAEFCc/wCm+OcV6cd+dj0Vpyiplj+APn8we7+5Dx</latexit>

EN ⇠ E⌫ +
t

2mAr
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Our Work  

Claim:  SBND and MicroBooNE 
can probe anomalous region in 

the near future
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Conclusions

• HNLs produce rich signatures in 
neutrino experiments, colliders, 
supernovae and BBN

• We have provided model 
independent constraints on a dipole 
portal

• SBND (and ICECUBE) can probably 
give a definitive verdict on 
MiniBooNE ROI. 

• DUNE can potentially push down to 
the “SN1987 -floor" 
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Details of SBN Analysis

SBND
• 6 x 1020 POT exposure  

• Used collaboration estimates for    
single photon misID rate to 
backout single photon 
backgrounds 

•Imposed the following cuts 
 

✓� lab > ⇡/2E� lab > 200 MeV
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MicroBooNE SBND
• 6 x 1020 POT exposure  

• Used collaboration estimates for    
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backout single photon 
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Details of SBN Analysis

MicroBooNE
• 1.3 x 1020 POT exposure  

• Used collaboration estimates for    
single photon misID rate to 
backout single photon 
backgrounds 

•Imposed the following cuts 
 

✓� lab > ⇡/2E� lab > 200 MeV
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